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Abstract
A highly selective and sensitive spectrophotometric method has been developed for the determination of trace amounts of bismuth
in various samples. The method is based on the adsorption of Bi(III) after complexation with 5-(2′-bromophenylazo)-6-hydroxy
pyrimidine-2,4-dione (BPAHPD) in a pH range of 2.0–2.5 on amberlite XAD-2 resin in the presence of emulsifier-OP. The retained
analyte on the resin recovered with 5.0 mL of 2.0 mol L−1 hydrochloric acid and bismuth was analyzed spectrophotometrically at
λmax 579 nm. Beer’s law is obeyed in the concentration range of 0.1–7.5 g mL−1 Bi(III) in the measured solution. For more accurate
results, the Ringbom optimum concentration range was determined to be 0.25–7.25 g mL−1. The linear regression equation was
A  = 0.123C (g mL−1) + 0.002 (r  = 0.9996). The molar absorptivity was calculated to be 2.56 ×  105 L mol−1 cm−1 at 579 nm, and
the Sandell sensitivity was determined to be 8.15 ng cm−2. Various parameters, such as the effect of pH, reagent concentration,
surfactant, and flow rate, were studied. The interference of various metal ions on the determination of bismuth has been studied in
detail to optimize the conditions for the determination of bismuth in biological samples (i.e., National Institute for Environmental
Studies (NIES, No. 5 human hair, NIES, No. 7 tea leaves)) and water samples (i.e., spring water, river water, underground water,
and sea and tap water).
© 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of Taibah University. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1.  Introduction
Bismuth has been used in medicines for the treatment
of helicobacter pylori-induced gastritis [1,2]. Bismuth∗ Corresponding author. Tel.: +20 552350996; fax: +20 132222578.
E-mail address: asamin2005@hotmail.com (A.S. Amin).
Peer review under responsibility of Taibah University.
http://dx.doi.org/10.1016/j.jtusci.2015.01.003
1658-3655 © 2015 The Authors. Production and hosting by Elsevier B.V. on 
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).raction; Azo compounds; Biological and water samples
and its compounds are also used in semiconductors, cos-
metic preparations, alloys and metallurgical additives
and in the preparation and recycling of uranium nuclear
fuels [3]. As the uses of bismuth in medicine increase,
bismuth has spread in the environment, and the chance of
exposure of organisms to bismuth has increased [1]. Sev-
eral methods have been developed for the determination
of bismuth. These methods include hydride generationbehalf of Taibah University. This is an open access article under the
inductively coupled plasma atomic emission spectrom-
etry (HG-ICPAES) [4], electrothermal vaporization ICP
mass spectrometry (ETV-ICP-MS) [5], atomic absorp-
tion spectrometry (AAS) [6,7], electrothermal atomic
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bsorption spectrometry (ETAAS) [8] potentiometric
tripping analysis (PSA) [9], anodic stripping voltamme-
ry [10,11], cathodic stripping voltammetry (CSV) [12]
nd amperometry [13]. However, due to the presence of
ow levels of bismuth in environmental samples, the sep-
ration of bismuth from other elements and the use of
reconcentration are typically necessary. Conventional
olvent extraction and separation of Bi in the presence of
o-extracting ligands, such as bis(2,4,4,-trimethylpentyl)
onothiophosphinic acid [14] and pyrrolidine dithio-
arbamate [15], has attracted considerable attention.
he disadvantages of liquid/liquid extraction include the
se of large volumes of organic solvents, cumbersome
lassware and cost. However, several other techniques
or preconcentration of Bi have been proposed includ-
ng preconcentration using Mg–W cell electrodeposition
16], preconcentration with sodium di-n-propyl dithio-
hosphinate and activated carbon in a batch method,
 flow injection on-line two stage solvent extraction
17], a flow injection on-line sorption preconcentration
18–20], a fluorescence quenching method [21] and solid
hase extraction [22–28].
The spectrophotometric method is a sensitive tech-
ique for the determination of trace amounts of
ismuth(III) in aqueous media [29–36]. Preconcentra-
ion methods of bismuth in environmental samples, such
s preconcentration using Mg–W cell-electrodeposition
16], flow injection on-line two stage solvent extrac-
ions [17], solid-phase extraction by silica gel [37],
icrocrystalline benzophenone [38], and carbon nano-
ubes [39–42], have been reported. Typically, solid phase
xtraction replaces liquid/liquid extraction as a sample
reconcentration tool and provides a method that is sim-
le and safe to use. Amberlite XAD adsorption resins
xhibit good physical properties, such as porosity, uni-
orm pore size distribution, and high surface area as
hemically homogeneous nonionic structures for large
mounts of uncharged compounds, and these resins have
een used as solid sorbents for the enrichment/separation
f metals [43–46]. In this study, solid-phase extraction
ollowed by the spectrophotometric determination of
ismuth is reported. The method is simple, sensitive, and
elective and allows for the determination of Bi(III) at
oncentrations as low as 0.1 g mL−1 in water samples.
.  Experimental
.1.  ApparatusA Perkin-Elmer Lambda 12 UV–Vis spectropho-
ometer (Waltham, MA, USA) with a 10 mm quartz cell
as used for all of the spectral measurements. A funnelniversity for Science 9 (2015) 490–497 491
tipped glass tube (60 mm ×  6 mm) was used as a column
for preconcentration. The laboratory glassware (Supe-
rior, Germany) and column were maintained overnight
in a 5.0% nitric acid solution. A Perkin Elmer atomic
absorption spectrometry model AAnalyst 300 (Waltham,
MA, USA) was used for all of the GFAAS measure-
ments. An Orion research model 601 A/digital ionalyzer
pH meter (Tokyo, Japan) was used for confirming the pH
of the solutions.
2.2.  Reagents
All of the chemicals were of analytical reagent
grade. Bismuth(III) nitrate (Loba Chemie Pvt Ltd,
Mumbai, 132, India) was dissolved in a minimum vol-
ume of concentrated nitric acid followed by dilution
to 1000 mL with bidistilled water in a standard flask
and standardized by known methods [47]. BPAHPD
was synthesized according to a previously reported
method [48]. A 2 ×  10−3 mol L−1 stock solution was
prepared by dissolving an appropriate weight of the
pure reagent in the least amount of ethanol (15 mL) fol-
lowed by dilution to the mark in a 100-mL measuring
flask with ethanol (Merck, Darmstadt, 140 Germany). A
buffer solution at a pH of ∼2.5 was prepared by mix-
ing of 0.1 mol L−1 potassium hydrogen phthalate and
0.1 mol L−1 hydrochloric acid (Sigma, St 143 Louis,
MO, USA) solutions in an appropriate ratio. The solu-
tions of the alkali metal salts (1.0%) and various metal
salts (0.1%) (Sigma, St 143 Louis, MO, USA) were used
to study the interference of anions and cations, respec-
tively.
2.3.  Preparation  of  the  amberlite  XAD-2  column
loaded with  BPAHPD
Amberlite XAD-2 (Merck, Darmstadt, 140 Germany)
was treated with an ethanol–hydrochloric acid–water
(2:1:1) solution overnight. Then, the resin was rinsed
with deionized water until the pH of the supernatant
water (5.0 mL of phosphate buffer solution) became neu-
tral. The packing of the column must be performed
using ethanol as an eluent because water makes the resin
beads float. The resin was saturated with the reagent
using 1.2 mL of a 2 ×  10−3 mol L−1 BPAHPD solution
in ethanol and 2.5 mL of a 5.0% emulsifier-OP solu-
tion (Sigma, St 143 Louis, MO, USA) at a flow rate of
0.5 mL min−1. Then, the resin was washed with water
until the reagent excess was eliminated from the resin.
All of the experiments were performed in a funnel-tipped
glass tube (60 mm ×  6 mm), which was used as a column
for preconcentration. This tube was plugged with glass
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Fig. 2. Effect of emulsifier-OP on the complexation of 4.0 g mL−1
Bi(III) with 2.4 × 10−4 mol L−1 BPAHPD and at the optimum exper-492 A.S. Amin, I.A. Zaafarany / Journal of T
wool and filled with XAD-2 to a height of 1.0–1.2 cm.
Prior to sample loading, the column must be precondi-
tioned by using a buffer solution.
2.4.  Procedure  for  the  sorption  of  bismuth  on  the
column
An aliquot of the bismuth solution (containing
0.1–37.5 g) was placed in a 50-mL beaker contained
3.0 mL of the buffer solution (pH ∼  2.5) followed by
dilution to 25 mL with bidistilled water. This solu-
tion was passed through the column at a flow rate of
2.0 mL min−1. Next, the column was eluted with 5.0 mL
of deionized water. The adsorbed bismuth(III) complex
on the column was eluted with 5.0 mL of a 2.0 mol L−1
hydrochloric acid solution at a flow rate of 1.0 mL min−1.
The eluent was collected in a 5.0-mL measuring flask,
and bismuth was determined spectrophotometrically at a
λmax of 579 nm against a reagent blank that was similarly
treated.
3.  Results  and  discussion
3.1.  Absorption  spectra
The absorption spectra of BPAHPD and its Bi(III)
complex are shown in Fig. 1. The absorption bands of
BPAHPD and its complex in acidic media are located at
484 nm and 579 nm, respectively.
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Fig. 1. Absorption spectra of 4.0 g mL−1 Bi(III) complexed with
2.4 × 10−4 mol L−1 BPAHPD at pH 2.5 in presence of emulsifier-OP
and at the optimum experimental conditions.imental conditions.
3.2.  Reaction  conditions
The reaction conditions were investigated with
4.0 g mL−1 bismuth. The adsorption was carried out
at different pH values, and the other variables were
held constant. The bismuth complex was quantitatively
adsorbed on the amberlite XAD-2 resin in a pH range of
2.0–2.5. In subsequent studies, the pH was maintained
at approximately 2.5. The addition of 1.5–5.0 mL of the
buffer did not affect the retention of bismuth, and the use
of 3.0 mL of buffer is recommended.
The effects of surfactants on the Bi(III)–BPAHPD
system were investigated. The results indicated that
in the absence of surfactants (i.e., anionic or cationic
surfactants) the Bi(III)–BPAHPD chromogenic system
exhibits a low absorption. However, in the pres-
ence of nonionic surfactants, the absorption of the
chromogenic system increases substantially. Various
nonionic surfactants enhance the absorbance in the
following order: emulsifier-OP > Triton X-100 > Tween-
80 > Tween-60 > Tween-20. Emulsifier-OP was deter-
mined to be the best additive, and the use of 2.0–3.0 mL
of a 5.0% emulsifier-OP solution yielded a constant and
maximum absorbance (Fig. 2). Therefore, the use of
2.5 mL of this additive is recommended.
For up to 4.0 g of Bi(III), the use of 1.2 mL of a
2 ×  10−3 mol L−1 BPAHPD solution was sufficient for
to obtain a complete reaction. Therefore, 1.2 mL of a
2 ×  10−3 mol L−1 BPAHPD solution was added in all
additional measurements.The flow rate was varied from 0.1 to 5 mL min−1. A
flow rate of 0.1–3.0 mL min−1 did not affect adsorption.
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Table 1
Effect of various salts and metal ions at the optimum experimental
conditions.
Salt or ion Tolerance limit
CH3COONa·3H2O, KNO3, NaCl 25,000
NH4Cl 20,000
Sodium potassium tartrate 16,000
Sodium oxalate, trisodium citrate 12,000
K2SO4 8000
Na2EDTA 100
Ni(II), Cu(II), Co(II), Cd(II), In(III) 7500
Rh(III), Pd(II), OS(VIII), Ru(III) 2500
U(VI), V(V), Te(IV) 5500
Ga(III), Al(III), Cr(III) 1800
Mn(II), Mo(VI), Zn(II), As(III) 750
Sn(II), Sb(III) 500A.S. Amin, I.A. Zaafarany / Journal of T
 flow rate of 2.0 mL min−1 is recommended for use in
ll of the experiments.
The volume of the aqueous phase was varied from 2.0
o 100 mL under the optimum conditions, and the other
ariables were held constant. The highest absorbance
alue was nearly constant up to 25 mL. However, for
onvenience, all of the experiments were carried out with
5 mL of the aqueous phase.
Preliminary observations indicated that bismuth was
ompletely desorbed with 5.0 mL of a 2.0 mol L−1
ydrochloric acid. Therefore, 5.0 mL of a 2.0 mol L−1
ydrochloric acid was used in the current study.
.3.  Sorption  capacity  of  the  resin  for  the  ligand
nd bismuth
The sorption capacity of the amberlite XAD-2 resin
or the ligand and bismuth was also evaluated using the
angmuir model [49]. The XAD-2 resin has a sorp-
ion capacity of 1.0 and 0.4 mg g−1 for the ligand and
ismuth, respectively.
.4.  Stoichiometric  ratio
The nature of the complex was established at the
ptimum conditions described above using the molar
atio and continuous variation methods. The plot of the
bsorbance as a function of the BPAHPD to Bi(III) molar
atio, which was obtained by varying the BPAHPD con-
entration, exhibited an inflection at a molar ratio of 3.0,
ndicating the presence of three BPAHPD molecules in
he formed complex. In addition, the Job method indi-
ated a BPAHPD to Bi(III) ratio of 3.0. Therefore, the
esults indicated that the stoichiometric ratio was (3:1)
BPAHPD:Bi(III)]. The conditional formation constant
log K), which was calculated using the Harvey and Man-
ing equation applying the data obtained from the two
ethods, was determined to be 6.22 but the true constant
as 6.10.
.5.  Effect  of  foreign  ions
Various salts and metal ions were individually added
o a solution containing 10 g of bismuth, and the gen-
ral procedure was applied. The tolerance limit was set
o the concentration of the diverse ion required to cause
5.0% error in the determination of bismuth. The toler-
nce limit (error < 5.0%) is given in Table 1. Most of the
tudied salts did not interfere at the gram or milligram
evel except for EDTA, which may be due to the high for-
ation constant of the Bi–EDTA complex compared toFe(III) 80
Bi: 4.0 g, final solution: 5.0 mL hydrochloric acid.
the bismuth–BPAHPD complex. Therefore, the method
is highly selective and has been successfully applied to
the trace determination of bismuth in various biological
and water samples without any previous separation.
3.6.  Calibration  curve  and  sensitivity
The calibration curve indicated that the sys-
tem obeys Beer’s law in a concentration range of
0.1–7.5 g Bi(III) per mL of the measured solution.
For more accurate results, the Ringbom optimum con-
centration range was determined to be 0.25–7.25 g
Bi(III) per mL in the measured solution. The linear
regression equation was A  = 0.123C  (g mL−1) + 0.002
(r = 0.9996). The molar absorptivity was calculated to
be 2.56 ×  105 L mol−1 cm−1 at 579 nm, and the Sandell
sensitivity was determined to be 8.15 ng cm−2. The stan-
dard deviations of the absorbance measurements were
calculated from a series of 13 blank solutions. The lim-
its of detection (K  = 3) and quantification (K  = 10) of the
method were established [50] and are listed in Table 2
according to the IUPAC definitions (i.e., C1 = KSo/s
where C1 is the limit of detection, So is the standard error
of blank, s is the slope of the standard curve and K  is the
constant related to the confidence interval). The relative
standard deviation was 1.11%, which was obtained from
a series of 10 standards that each contained 4.0 g mL−1
of Bi(III).
The sensitivity expressed as the molar absorptivity of
the proposed method was compared to that of published
spectrophotometric methods (Table 3). The higher sensi-
tivity of the proposed method is notable and even greater
than that of other methods [29–36] based on spectropho-
tometry. Although the measurable concentration range
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Table 2
Analytical parameters at the optimum experimental conditions.
Parameter Value Parameter Value
Beer’s law limit (g mL−1) 0.1–7.5 Regression equationa
Ringbom optimum range (g mL−1) 0.25–7.25 Slope (b) 1.3854
Molar absorptivity (L mol−1 cm−1) 2.56 × 105 Intercept (a) 0.0137
Sandell sensitivity (ng cm−2) 8.15 Correlation coefficient (r) 0.9996
Detection limit (ng mL−1) 31 RSD (%) 1.65
Quantification limit (ng mL−1) 99.5 Stoichiometric ratio (L:M) 3:1
a A = a + bC, where C is the concentration of iron in g mL−1.
Table 3
Comparison of reagents for spectrophotometric determination of bismuth.
Reagent Medium λmax (nm) ε  = 104
(L mol−1 cm−1)
Linear range
(g mL−1)
Ref.
Thiourea and bromide (0.1 M HNO3), DMF 375 – 0.2–20 [29]
o-Phenanthroline and eosin (pH 6.0) 552 2.05 0.4–2.0 [30]
(2,6-Dichloroarsenazo) 0.6 M HClO4 631 9.87 0.0–1.0 [31]
2-(4,5-Methylthiazolyl-2-azo)-5-
diethylaminophenol
(pH 2.8) 590 10 0.04–0.40 [32]
Methylthymol blue (0.1 M HNO3) 548 – 0.0–75 [33]
Potassium periodate (pH 7.0–8.0) 513 4.2 0.05–10 [34]
1-(40-Bromophenyl)-4.4.6-tri-methyl-1(H,
4H)-pyrimidine-2-thiol
(0.3 M HCl), CHCl3 410 1.5–10 2.0–14 [35]
Semi-Xylenol Orange (0.18 M HNO3) 540 4.2 0.075–0.30 [36]
BPAHPD pH ∼2.5, amberlite
XAD-2-emulsifier-OP
570 25.6 0.1–7.5 This work
Table 4
Determination of Bi(III) in biological samples.
Samplea Certified composition of the bismuth added (g) Foundb
NIE, No. 5 human hair Pb, 6.0; Cd, 0.20; K, 34; Rb, 0.19;
Sb, 0.07; Zn, 169; Al, 240; Fe, 225; Mg, 208; Hg, 4.4; Sc, 0.05; Se, 1.4; Na, 26; Sr, 2.3;
Ti, 2.3; Ca, 728;
Cr, 104; Ba, 2.2; Co, 0.1; Mn, 5.2; Cu, 16.3; Ni, 1.8 g g−1; Bic added 20 g
19.92 ± 0.2
NIES, No. 7 tea leaves Pb, 0.80; Cd, 0.030; Sb, 0.014; Zn, 33; Cr, 0.15; Al, 775; Mg, 1530; Ba, 5.7; K, 18,600;
Sc, 0.011; Na, 15.5; Sr, 3.7; Ca, 3200; Cs, 0.22; Co, 0.12; Mn, 7.0; Ni, 6.5; Cu,
7.0 g g−1; Bic added 24 g
24.15 ± 0.7
a NIES: National Institute of Environmental studies reference materials.
uth wa
b Average of five determinations ± standard deviation.
c No bismuth was present in these standard samples. Therefore, bism
is from approximately 5.0–150 ng L−1 using graphite
furnace atomic absorption spectrometry, the proposed
method was very simple and accurate.
3.7.  Analysis  of  bismuth  in  biological  materials  and
water samplesThe accuracy and applicability of the proposed
method have been investigated for the determination of
bismuth in National Institute for Environmental Studies
(NIES) No. 5 human hair and NIES No. 7 tea leaves. As added from the standard solution in each case.
0.1 g sample was placed in a beaker and dissolved in con-
centrated nitric acid (∼5 mL) with heating. The solution
was cooled, diluted and filtered. Because no standard
biological sample containing bismuth was available, the
experiment was conducted by adding a known amount
of bismuth to the standard biological sample. The fil-
trate was diluted to 50 mL with water in a calibrated
flask. An aliquot (5.0–25 mL) of the sample solution
was individually taken, and bismuth was determined
using the general procedure. The results are listed in
Table 4.
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Table 5
Determination of Bi(III) in water samples.
Sample Added Founda
g mL−1 Proposed method AAS method
Bi(III) RSD% t-Value F-test Bi(III) RSD%
Spring water 2.0 2.01 0.96 1.31 2.65 1.98 1.13
4.0 4.01 1.23 1.45 2.88 4.03 1.45
River water 3.0 2.98 1.11 1.22 2.51 3.02 1.38
6.0 5.97 1.32 1.13 2.43 6.05 1.52
Groundwater 2.5 2.49 0.88 1.46 3.23 2.47 1.29
5.0 5.01 1.07 1.28 2.66 5.5 1.57
Tap water 3.5 3.48 1.33 1.36 3.03 3.53 1.67
7.0 6.98 1.12 1.45 3.41 6.96 1.33
Sea water 1.5 1.51 0.92 1.53 3.67 1.48 1.28
3.0 2.99 1.26 1.31 2.78 2.95 1.43
t
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ta Average of six determinations.
To confirm the applicability of the proposed method,
he determination of microgram amounts of Bi(III) in
eal water samples has been performed. For the water
amples, the samples were acidified with hydrochloric
cid and filtered through a 0.45-m filter. The bismuth
ontent was analyzed according to the general procedure.
n AAS method was used as a reference method, and
he results are shown in Table 5.
The performance of the proposed method was
ssessed by calculation of the t-value (for accuracy) and
-test (for precision) compared to the results from the
AS method [7]. The mean values were obtained in
tudent’s t- and F-tests at 95% confidence limits for
ve degrees of freedom [51]. The results indicated that
he calculated values (Table 5) did not exceed the the-
retical values. A wider range of determination, higher
ccuracy, more stability and less time consuming are
he advantages of the proposed method over the other
ethod.
.  Conclusions
The proposed method has several advantages.
irst, BPAHPD is one of the most easily prepared
ighly pure, sensitive, and selective spectrophotometric
eagents for Bi(III) determination. The molar absorp-
ivity of the chelate was determined to be as high as
.56 ×  105 L mol−1 cm−1 at 579 nm in the measured
olution. The higher sensitivity of the proposed method
s notable and even greater than other methods based
n spectrophotometry. Second, the detection and quan-
ification limits are 31 and 99.5 ng mL−1, respectively,in the original sample. Third, most common ions do
not interfere with the determination, demonstrating the
high selectivity of the proposed method. Fourth, the
successful application of the proposed method to the
determination of low levels of bismuth in biological and
water samples was carried out with good results. Finally,
in addition to lower tolerance limits, the proposed
method is simple and more sensitive at the nanogram
level than other commonly used methods.
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